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(54) Tltte: LOCAL AND GLOBAL REGISTER PARTITIONING IN A VTJW PROCESSOR 
I (57) Abstract 

A Very Long 
I Instruction Word (VUW) 
I processor having a plurality 
I of functional units includes 
[ a rouldported register 
file that is divided Into a 
plurality of separate register 
file segments, each of 
the register file segments 
I being associated to one of 
the plurality of ftmctionfll 
I units. Tho register file 
I segments am partitioned 
into local registers and 
global registers. The global 
1 registers are read and 
written by all functional 
(units. The local registers 
I are read and written only by 
I a functional unit associated 
I with a particular register Ale 
segment. The local registers 

1 ^jS^St^-* jn an r*r«&TS^ 
global cegliKi are addrewes within a .elected global ^™£^*^J£Z*%Z ^gtan-addreMea in a local register range 
«gment/tlnctional.tmi«paiB. The local regtaer, ^f^^ ^^^J^^ J^^^^ addreaaea in the local 
fiStfE ^V^SffStS^ gU^WffS- addreaa XS*n loC, widUn aiegbterBlel 
segment/functional unit pair. 
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LOCAL AND GLOBAL REGISTER PARTITIONING IN A VLIW PROCESSOR 
TECHNICAL FIELD 

• The present invention routes .o stooge or memory in a processor. More specificn.ly. .he presen. 
invention relates to a storage having .oca! and giobal access regions for subinsnucuon, in a Very Long 
j Instruction Word (VLIW) processor. 

BACKGROUND ART 

One technic for improving .he performance of processors is parallel execution of multiple inactions 
,o allow the motion execution rate to exceed .he clock rate. Various types of parallel processors have been 
developed including Very Long Instruction Won. (VLIW) Pressors that use mu.trple. independent ftmcnonal 
,0 unto .o execute multiple instructions in paralle.. VLIW processors package multiple operations into one very 
long inaction, dte multiple operations being deurmined by sul^cnons m« ara ^ 
fUnetionalunits. An instruction has a set of fields cornsponding to each fimctional unit Typical b.t lengths of a 
subinswcnoncommonlyrangefrom .6 to24bits per functional unit to produce an msnuction lengm often m a 
range from 112 to 168 bits. 

,5 ThemuWpleftmcnomUunUsa^^ 

keep insnuctions scheduled. A VLIW processor often uses a technique calle d trace scheduling to maintain 

schedulmgefficiencybyumo.^ 

also improves efficiency by allowing instructions to move across branch points. 

Ltaitations of VLIW processing include limited paraUelism. limited ha«tw« 
20 mcreaseincodesize. A limited amount of parallelism is available in instruction sequences. Unless .oops are , 
- ^lledaveryUrrgenumr^o^ 

hardware resources are a prob.em. no. on.y because of duplication of functional units but more importantly due 
to a large increase in memory and register Hie bandwidth. A large number of read and write pom are necessary 

for accessing the ragister file, nu^^^ 
25 me register file and degradation inc.ock speed. As me number of ports increases, the complexity of the memory 
system further incraases. To allow multiple memory accesses ta panJlel>e memory fa divided into muluple 
banks havmg different addresses uoreuuee me likelmo^ 
cor^cti^g accesses m« cause me prc^^ 



30 



Code size is a problem for several reasons. The generation of sufficient operation, in a nonbreaching 
code frogmen, requires substantia. unroUing of loops, increasing me code size. Also, instructions that are not full 
may include unused ^instructions mat waste code space; increasing code size. Furthermore, me increase tn me 
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size of storages such as the register file increase the number of bits in the instruction for addressing registers in 
the register file. 

A register file with a large number of registers is often used to increase performance of a VLIW 
processor. A VLIW processor is typically implemented as a deeply pipelined engine with an "in-order" 
execution model. To attain a high performance a targe number of registers is utilized so that the multiple 
functional units are busy as often as possible. 

A large register file has several drawbacks. First, as the number of registers that are directly addressable 
is increased, the number of bits used to specify the multiple registers within the instruction increases 
proportionally. For a rich instruction set architecture with, for example, four register specifiers, an additional bit 
for a register specifier effectively costs four bits per subinstruction (one bit per register specifier). For a VLIW 
word with four to eight subinstructions. sixteen to thirty-two bits are added for instruction encoding. Second, a 
register file with many registers occupies a large area. Tnird, a register file with many registers may create 
critical timing paths and therefore limit the cycle time of the processor. 

What is needed is a technique and processor architecture enhancement that improves the efficiency of 
instruction coding but still allows access to a large set of archtecturalry-visible registers. 

DISCLOSURE OF INVENTION 

A Very Long Instruction Word (VLIW) processor having a plurality of functional units and includes a 
multi-ported register file that is divided into a plurality of separate register file segments, each of Reregister file ■ 
segments being associated to one of the plurality of functional units. Tne register file segments are partitioned 
into local registers and global registers. The global registers are read and written by all functional units. The 
local registers are read and written only by a functional unit associated with a particular register file segment 
Tne local registers and global registers are addressed using register addresses in an address space that is 
separately defined for a register file segment/ functional unit pah*. ' The global registers are addressed within a 
selected global register range using the same register addresses for the plurality of register file segment/ 
functional unit pairs. Tne local registers in a register file segment are addressed using register addresses in a 
local register range outside the global register range that are assigned within a single register file segment/ . 
functional unit pair. Register addresses in the local register range are the same for the plurality of register file 
segment/ functional unit pairs and address registers locally within a register file segment/ functional unit pair. 

A VLIW processor utilizes a very long instruction word that includes a plurality of subinstructions. The 
subinstructions are allocated into positions of the instruction word. Tne VLIW processor includes a register file 
that is divided into a plurality of register file segments. The VUW processor also includes a plurality of 
functional units, each of which is coupled to and associated with a register file segment of the register file. Each 
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• ~,cu*s on a parties funeral unit, operating upon operands read from and written to a 
of the sublet,** ««- ^\ ^ ^ uni , ^ register nte ^ents include a 

pa.ticu.ar^rfi.es.gmen.thausBsso a global register is a register 

plurality of registers Ibe, are part.i.oned into global reg,sters and 8 ,„ 

^^^^ 

oiobal and N L local register files where N e plus N U is equal w B , . hits for 

add.ess.ngtneNo^ • N^ta. ^^^^^^^^^^ 
registers. The local registers for each of the M register file segments are addressed using the same 

fco.e^eachofM^ . 

omerwise required to access 224 reguters. Inoneexamp e, f „ 0 , local 

registers 128-159 in register file segment 1, local register* 
i^mmglserra^emJa^ . > 

, *s™ctlo.«.e^ofwh.chUtota^^ 
,„some embodiment 

,n *me "^^"V fe Md variab , e .. For ^pfc. a register file including four 

10 four register file segments may oe program 1 agam addressed using 7 

local registers so mat the total number of renter, is 64 + (4-64) = 320 registers that are gam 
bio ramermanth^bittUtat would omerwise be r«mii«d «o address 320 meters. 



t 



1*» 



WO 00/33178 



PCT/US99/2M20~ 



.4. 

BRIEF DESCRIPTION OF DRAWINGS 

The features of the described embodiments are specifically set forth in the appended claims. However, 
embodiments of the invention relating to both structure and method of operation, may best be understood by 
referring to the following description and accompanying drawings. 

FIGURE 1 is a schematic block diagram illustrating a single integrated circuit chip implementation of a 
processor in accordance with an embodiment of the present invention. 

FIGURE 2 is a schematic block diagram showing the core of the processor. 

FIGURE 3 is a schematic block diagram that illustrates an embodiment of the split register file that is 
suitable for usage in the processor. 

FIGURE 4 is a schematic block diagram that shows a logical view of the register file and functional 
units in the processor. 

FIGURES 5A, SB, and 5C show a schematic block diagram of a divided or split register Hie, a high 
level view of computation elements of a functional unit, and a pictorial view of an instruction format, 
respectively, which are used to illustrate the difficulty of defining an instruction format with a limned number of 
instruction bits. 

FIGURE 6 is a schematic block diagram showing a register file for a VLI W processor that includes 
global and local register partitioning. 

FIGURE 7 illustrates a schematic block diagram of an SRAM array used for the multi-port split register 

file: 

FIGURE 8A and 8B are, respectively, a schematic block diagram and a pictorial diagram that illustrate 
the register file and a memory array insert of the register file. . 

FIGURE 9 is a schematic block diagram showing an arrangement of the register file into the four 
register file segments. 

FIGURE 10 is a schematic timing diagram that illustrates timing of the processor pipeline. 
The use of the same reference symbols in different drawings indicates similar or identical items. 
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M nn« PORCARR— WTJHt INVENTION 

Kevins «o HOUR, 1 . a "hematic «■* *»™ ^ ' ^ ^ 
• , -^o, 100 that includes a memory interface 102, a geometry decompressor 104. two 
im p,ementat,on data cache 106. a n d seve ral interface confers.. Tne interface 

connollerssupportanrnte^ . ^ , ge on a si„ 8 .e die. Tne compo W n« »e 

^tor^e^^ 

between the media processing units 110 and Hi 

c^,^ 1.6 «»!» o. c«.« mi=- «> -P"— ««>»»™ «**TZ2. te ^ 

»_ nin^t^iv-bascd systems maintain coherence stales loreatn 

UePCl — 120Uus^ 
voluffi e. — periphern, devi.es, aithough other standard ^^^^Z ^O, 
effectively transfers data among high bandwidth peripherals and .ow tandwdm penpherab, 
players, DVD players, and digital cameras. 

Twomediaprocessmguni^^ 
execudonenvi—exp^ 

stouha0 eo»s.y. II.*— ■^TT'^Zil 
- «L or Ute runtime environment Parallelism is exploited at the thread .eve. smce paxal.ehsm « rare 

„ operanngsystem.ortn _ pmposecode. For example, me illusnaiiye proe«sor 

beyond four, or even two. instructions per cyete in gene™ >~ , -„^ M i nura ose" 

plessinglbas an instruction level panmelism of about two so tha, on avemge. most (about stx) of me eght 
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operates on two independent threads, possibly attaining twice the performance of a processor having the same 
resources and clock rate but utilizing traditional non-thread parallelism. 

Thread level parallelism is particularly useful for Java™ applications which are bound to have multiple 
threads of execution. Java™ methods including "suspend", "resume-, "sleep", and the like include effective 
support for threaded program code. In addition. Java™ class libraries are thread-safe to promote parallelism. 
(Java™. Sun, Sun Microsystems and the Sun Logo are trademarks or registered trademarks of Sun Microsystems. 
Jnc. in the United States and other countries. All SPARC trademarks, including UltraSPARC I and UltraSPARC 
U % are used under license and are trademarks of SPARC International, Inc. in the United States and other 
countries. Products bearing SPARC trademarks are based upon an architecture developed by Sun Microsystems, 
Inc.) Furthermore, the thread model of the processor 100 supports a dynamic compiler which runs as a separate 
thread using one media processing unit 110 while the second media processing unit 112 is used by the current 
application. In the illustrative system, the compiler applies optimizations based on "on-the-fly" profile feedback 
information while dynamically modifying the executing code to improve execution on each subsequent run. For 
example, a "garbage collector" may be executed on a first media processing unit 110, copying objects or 
gathering pointer information, while the application is executing on the other media processing unit 1 12. 

Although the processor 100 shown in FIGURE 1 includes two processing units on an integrated circuit 
chip, the architecture is highly scaleable so that one to several closely-coupled processors may be formed in a 
message-based coherent architecture and resident on the same die to process multiple threads of execution. Thus, 
in the processor 100. a limitation on the number of processors formed on a single die thus arises from capacity 
constraints of integrated circuit technology rather than from architectural constraints relating to the interactions 
and interconnections between processors. 

Referring to FIGURE 2, a schematic block diagram shows the core of the processor 100. The media 
processing units 1 10 and 112 each include an instruction cache 210, an instruction aligner 212, an instruction 
buffer 214, a pipeline control unit 226, a split register file 216, a plurality of execution units, and a load/store unit 
218. In the illustrative processor 100, the media processing units 110 and 112 use a plurality of execution units 
for executing instructions. The execution units for a media processing unit 1 10 include three media functional 
units (MFU) 220 and one general functional unit (GFU) 222. The media functional units 220 are multiple single- 
instruction-multiple-datapath (MSIMD) media functional units. Each of the media functional units 220 is 
capable of processing parallel 16-bit components. Various parallel 16-bit operations supply the single- 
uistruction-raultipleHlatapath capability for the processor 100 including add, multipry-add, shift, compare, and 
the like. The media functional units 220 operate in combination as tightly-coupled digital signal processors 
(DSPs)/ Each media functional unit 220 has an separate and individual sub-instruction stream, but all three 
media functional units 220 execute synchronously so that the subinstructions progress lock-step through pipeline 
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• Id branches. .»<. various specialized and esoteric functions such as parallel power 
operations, loads and stores, orenw fiinct i on al unit 212 supports less 

opm.ions.^ciproca.squa.eroo.opcnaions.and.anyolhe,, The genera. function*, un.t 222 ppo 

common paral... operations such as «he para..e, reciproca. square root ms.ruct.on. 

T^musaatWeinstruction^^^ 

• • hit Iwing dynamic options d,rou 8 hse.f-mod i f y in 8 code. Softwarehouse 
maintain coherence, allowing oynam r caoacity is suitable for 
thatm*i«s«ruc,ionsto«geis^^^^ 

„o «™hie looos. other muliimedia tasks or processes, and general-purpose Java cooe. 
.performrnggraphtc loops, otnerm Self-modifying code U supported 

• hv, hardware that supports wnte-through. non-aliocaung caai» &■ 

maintained by narowareuu»» vv C/ .«k~i— uses the 4/w«2i instruction to 

O^expHcituseo^^ 

^uuncoherencywitb me instruction cache 2.0so that the i«,n,ct,on caches 210 do no, b 
oncverysmglestomoperartoni^edbymemediaprocessingunitllO. 

~-sign*f*mthen.c^ 

control function, The pipeline control unit 226 maintatns a scoreboard, generates stalls an* nyp 
The pipeline control unit 226 also generates naps and maintains special reffster*. 

.fcchmediaprocess^^ - 
, ^ venire that is replicated to reduce the integrated circuit d.e area and to reduce 

. _ ... The slobal registers are coherent across aii nirrcuuiw. 

i so that any write operation to a global register by any tunc* , „,„, reBisters allocated to a functional unit 

Registers 96-.27 in the register f.le segments 224 are local rasters. Local reg^rs allocated 
ere not accessible or "visible" to other functional units. 

. , nn<! with flxcd . deterministic and relatively short instruction latencies. 
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exccutc in the media functional units (MFU) 220. A MFU insmjction field within the VLI W instruction word 
includes an operation code (opcode) field, three source register (or immediate) fields, and one destination register 
field.. 

Instructions are executed in-order in the processor 100 but loads can finish out-of-order with respect to 
other instructions and with respect to other-loads, allowing loads to be moved up in the instruction stream so that 
data can be streamed from main memory. The execution model eliminates the usage and overhead resources of 
an instruction window, reservation stations, a re-order buffer, or other blocks for handling instruction ordering. 
Elimination of the instruction ordering structures and overhead resources is highly advantageous since the 
eliminated blocks typically consume a large portion of an integrated circuit die. For example, the eliminated 
blocks consume about 30% of the die area of a Pentium I! processor. 

To avoid software scheduling errors, the media processing units 110 and 112 are high-performance but 
simplified with respect to both compilation and execution. The media processing units 1 10 and 1 12 are most 
generally classified as a simple 2-scalar execution engine with full bypassing and hardware interlocks on load 
operations. The instructions include loads, stores, arithmetic and logic (ALU) instructions, and branch 
instructions so that scheduling for the processor 100 is essentially equivalent to scheduling for a simple 2-scalar 
execution engine for each of the two media processing units 1 10 and 112. 

The processor 100 supports full bypasses between the first two execution units within the media 
processing unit 1 1 0 and 1 12 and has a scoreboard in the general functional unit 222 for load operations so that 
the compiler does not need to handle nondeterrainistic latencies due to cache misses. The processor 100 
scoreboards long latency operations that are executed in the general functional unit 222. for example a reciprocal 
square-root operation, to simplify scheduling across execution units. The scoreboard (not shown) operates by 
tracking a record of an instruction packet or group from the time the instruction enters a functional unit until the 
instruction is finished and the result becomes available. A VUW instruction packet contains one GFU 
instruction and from zero to three MFU instructions. The source and destination registers of all instructions in an 
incoming VUW instruction packet are checked against the scoreboard. Any true dependencies or output 
dependencies stall the entire packet until the result is ready. Use of a scoreboarded result as an operand causes 
instruction issue to stall for a sufficient number of cycles to allow die result to become available. If the 
referencing instruction that provokes the stall executes on the general functional unit 222 or the first media 
functional unit 220, then the stall only endures until the result is available for intra-unh bypass. For the case of a 
load instruction that hits in the data cache 106, the stall may last only one cycle. If the referencing instruction is 
on the second or third media functional units 220, then the stall endures until the result reaches the writeback 
stage in the pipeline where the result is bypassed in transmission to the split register file 216. 
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stream. 

The scoreboard is used to manage most interlock, between the genera, function*, unir^ and the 
fUu^O All loads ana non-pipelined long-latency operations of <he genera, funct.onal un.t 

^arescoreboart andpower|)p ^ instructions. Noneof«he re su.«sofAemed,afi»nc..ona.« n .« 

produces the results following the latency of the instructton. 

1^ g Letry using the geometry depressor .04. an on-chiprea,-^ is 
JLanddecT^inreaWmeon^ 

Iplr^tnCeouslysavesn.emoryspacea.dm^^ . 
pj^. an optimized general mesh snucture that explicit* calls out most shared ^ 
IglZallow^ 

^ttriang^^ * 
^pulthned^e, ^^^P^**^^^"*- - 
ZT^« so that the utili.at.on rate of resources is h.gh, achieving effective ^ ' 
1^ ^ons are overUpped in time by operating on severa, vertices simuhaneous*. rath.r than oveHappmg , 

count loops are software-pipelined so that most media functional units 1*0 are fully uu.ued, 
Referring to FIGURE 3. a schematic bloc, diagram iUustrates an embodiment of the 

i^cuonsthat^ 
^tsofthe inaction exe^ 

geomeny decompressor .04. The split register file 2.6 is the source and destinafon of store and .oad 

(0 operations, respectively. 

n2hasl28 registers. Graphics processing piaces a heavy burden on register usage. Therefore, a large number 
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includes twelve read ports and five write pons, supplying total data read and write capacity between the central 
registers of the split register file 216 and all media Junctional units 220, the general functional unit 222 and the 
load/store unit 218 that is connected to the general functional unit 222. The five write ports include one 64-bit 
write port that is dedicated to load operations. The remaining four write ports are 32 bits wide and are used to 
write operations of the general, functional unit 222 and the media functional units 220. 

Total read and write capacity promotes flexibility and facility in programming both of hand-coded 
couttnes and compiler-generated code. 

Large, multiple-ported register files are typically metal-limited so that the register area is proportional 
with the square of the number of ports. A sixteen port file is roughly proportional in size and speed to a value of 
236. The illustrative split register file 216 is divided into four register file segments 310, 312, 314, and 316, each 
having three read ports and four write ports so that each register file segment has a size and speed proportional to 
49 for a total area for the four segments that is proportional to 1 96. The total area is therefore potentially smaller 
and faster than a single central register file. Write operations are fully broadcast so that all files are maintained 
coherent Logically, the split register file 216 is no different from a single central register file However, from 
the perspective of layout efficiency, the split register file 216 is highly advantageous, allowing for reduced size 
and improved performance through faster access. 



The new media data that is operated upon by the processor 100 is typically heavily compressed. Data 
transfers are communicated in a compressed format from main memory and input/output devices to pins of the 
processor 100, subsequently decompressed on the integrated circuit holding the processor 100, and passed to the 
20 split register file 216. 

Splitting the register file into multiple segments in the split register file 216 in combination with the 
character of data accesses in which multiple bytes are transferred to the plurality of execution units concurrently, 
results in a high utilization rate of the data supplied to the integrated circuit chip and effectively leads to a much 
higher data bandwidth than is supported on general-purpose processors. The highest data bandwidth requirement 

23 is therefore not between the input/output pins and.the central processing units, but is rather between the 
decompressed data source and the remainder of the processor. For graphics processing, the highest data 
bandwidth requirement is between the geometry decompressor 104 and the split register file 216. For video 
decompression, the highest data bandwidth requirement is internal to the split register file 216. Data transfers 
between the geometry decompressor 1 04 and the split register file 21 6 and data transfers between various 

30 registers of the split register file 216 can be wide and run at processor speed, advantageously delivering a large 
bandwidth. In addition, the split register file 216 can be multiported which further increases total bandwidth. 



The register file 216 is a focal point for attaining the very large bandwidth of the processor 100. The 
processor 100 transfers data using a plurality of data transfer techniques. In one example of a data transfer 
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up.o.ightbytesperevc.e. In another streaming dau is «nsf«*cd to ^'^^ 
gmuploadoperaUonswhichtr^ 

5 for decompression. 

C^pr*^ Sophies dau, is re^^ 
denser ,04. The comp^ gmphics da* U decon*^ ^ 

geometry decompressor 104. 

Load operations en, non-blocldng and scoreboard so tha, a long latency inherent to load, can be 
hidden by early scheduling. 

20 "dirty" if used, and are consequently saved conditionally. 

ta various embodiments, me split regis- fl**l 6 is .evened by dedicating Helds for global Irap 
registers, and the like. 

*^ngtoF^^ 

fcnetiona, unit, in ,he processor ,00. The physical Cementation of the ^^'"^1 »0 
25 ^icating a single functional unit to for. the three media functional units 220. Themedra fUncnorK. -«» 
^LsLexecute^ 
M de.arrfvideo-irna^ 

digita. signal processing (DSP) loops, speech processing and voice recognition algous, for example. 
. Referring .o FIGUKEs 5A. SB, and 5C. a schematic biocK diagram of a divided cr spli. register file, a 

30 biahlevelviewofc^^ 

Jpectively am used frustrate the Ma* of definingan inaction format w«h a hm..ed numberof 
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subinstructions of a very long instruction word. Each of the four decoders applies control signals to one of four 
register file segments 510. 512, 514, and 516. Each of the register file segments is coupled to and associated 
with a functional unit In the illustrative embodiment, a first register file segment 51 0 is coupled to and 
associated with a general functional unit 520. Second, third, and fourth register file segments 512, 514, and 516 
5 are respectively coupled to and associated with media functional units 522, 524, and 526. 

FIGURE 5B shows an example of a VLIW subinstruction, specifically a multiply-add (muladd) 
instruction and relates execution of the muladd instruction to computation blocks in a functional unit The 
muladd instruction specifies four register specifiers designating data that is operated upon by the functional unit 
The muladd instruction specifies three source operands R A , Rb> and Ro and one destination operand Rd- The 
1 0 functional unit includes a multiplier S30 that multiplies the source operands R A and R B to generate a product 
The functional unit also includes an adder 532 that receives the product from the multiplier 530 and adds the 
product and the source operand Re to produce a sum that is transferred to the destination register operand 

For a register file in which the register file segments include N » 2 M registers, for example, M bits are 
used to uniquely specify a particular register so that 4*M are needed to uniquely specify the four registers 
15 addressed in a single subinstruction. 

FIGURE 5C depicts a subinstruction storage for instructions such as the muladd instruction. Resource 
size and speed constraints are imposed on instruction storage so that the number of bits in a subinstruction are 
limited. The four register specifiers for the subinstruction use nearly the entire capacity of the subinstruction 
storage. For example, a register file segment that includes 128 bits has registers that are uniquely addressed 
20 using seven address bits. Addressing of four registers consumes 7*4 = 28 bits. For a subinstruction size 

constrained to 32 bits, only four bits remain for specifying an operation code or other operational information for 
controlling execution.. 

The illustrative VLIW processor partitions the register file into local and global registers to conserve 
address bits in a very long instruction word to reduce the size of the register file and accelerate access time. 

25 Referring to FIGURE 6, a schematic block diagram shows a register file 600 for a VLIW processor 100 

that includes global and local register partitioning. The Very Long Instruction Word (VLIW) processor has a 
plurality of functional units including three media functional units 622. 624, and 626, and a general functional 
unit 620. The processor 100 also includes a multi-ported register file 600 that is divided into a plurality of 
separate register file segments 610, 612, 614, and 616, each of the register file segments being associated to one 

30 of the plurality of functional units. The register file segments 610, 612, 614, and 616 are partitioned into local 
registers and global registers. The global registers are read and written by all functional units 620, 622, 624, and 
626. The local registers are read and written only by a functional unit associated with a particular register file 
segment. The local registers and global registers are addressed using register addresses in an address space that is 
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In some embodiments, partitioning of the register file 600 is programmable so that the number N c of 
global registers and number N L of local registers is selectable and variable. For example, a register file including 
four register file segments each having 128 registers may be programmably configured as a flat register file with 
128 global registers and 0 local registers with the 128 registers addressed using seven address bits. Alternatively, 
the four register file segments may be programmably configured, for example, to include 64 global registers and 
64 local registers so that the total number of registers is 64 + (4*64) « 320 registers that are -again addressed 
using 7 bits rather than the 9 bits that would otherwise be required to address 320 registers. 

Referring Co FIGURE 7, a schematic block diagram depicts an embodiment of the multipon register file 
216. A plurality of read address buses RA1 through RAN carry read addresses that are applied to decoder ports 
816-1 through 816-N, respectively. Decoder circuits are well known to those of ordinary skill in the art, and any 
of several implementations could be used as the decoder ports 816-1 through 816-N. When an address is 
presented to any of decoder ports 816-1 through 816-N, the address is decoded and a read address signal is 
transmitted by a decoder port 816 to a register in a memory cell array 818. Data from the memory cell array 818 
Is output using output data drivers 822. Data is transferred to and from the memory cell array 818 under control 
of control signals carried on some of the lines of the buses of the plurality of read address buses RA1 through 
RAN. 

Referring to FIGURE 8A and 8B, a schematic block diagram and a pictorial diagram, respectively, 
illustrate the register file 216 and a memory array insert 910. The register file 216 is connected to a four 
functional units 920, 922, 924, and 926 that supply information for performing operations such as arithmetic, 
logical, graphics, data handling operations and the like. The illustrative register file 216 has twelve read ports 
930 and four write ports 932. The twelve read ports 930 are illustratively allocated with three ports connected to 
each of the four functional units. The four write ports 932 are connected to receive data from all of the four 
functional units. 

The register file 216 includes a decoder, as is shown in FIGURE 6, for each of the sixteen read and 
write ports. The register file 216 includes a memory array 940 that is partially shown in the insert 710 illustrated 
in FIGURE 8B and includes a plurality of word lines 944 and bit lines 946. The word lines 944 and bit lines 946 
are simply a set of wires that connect transistors (not shown) within the memory array 940. The word lines 944 
select registers so that a particular word line selects a register of the register file 216. The bit lines 946 are a 
second set of wires that connect the transistors in the memory array 940. Typically, the word lines 944 and bit 
lines 946 are laid out at right angles. In the illustrative embodiment, the word lines 944 and the bit lines 946 are 
constructed of metal laid out in different planes such as a metal 2 layer for the word lines 944 and a metal 3 layer 
for the bit lines 946. In other embodiments, bit lines and word lines may be constructed of other materials, such 
as potysilicon, or can reside at different levels than are described in the illustrative embodiment, that are known 
in the art of semiconductor manufacture. In the illustrative example, the word lines 944 are separated by a 
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The split register file thus advantageously reduces the area of the memory array by a ratio of 
approxtm ately 256/ 1 96 ( 1 .3X or 30%). The reduction in area further advantageously corresponds to an 
improvement in speed performance due to a reduction in the length of the word lines 944 and the bit lines 946 
connecting the array cells that reduces the time for a signal to pass on the lines. The improvement in speed 
' 5 performance is highly advantageous due to strict time budgets that are imposed by the specification of high- - 
performance processors and also to attain a large capacity register file that is operational at high speed For 
example, the operation of reading the register file 216 typically takes place in a single clock cycle. For a 
processor that executes at 500 MHz, a cycle time of two nanoseconds is imposed for accessing the register file 
216. Conventional register files typically only have up to about 32 registers in comparison to the 128 registers in 
10 the illustrative register file 216 of the processor 100. A register file 216 that is substantially larger than the 

register file in conventional processors is highly advantageous in high-performance operations such as video and 
graphic processing. The reduced size of the register file 216 is highly useful for complying with time budgets in 
a large capacity register file. 

In some embodiments, the area of a register file is further reduced by using a special memory cell for 
15 the local registers that have write port connections to the functional unit that is locally associated with the register 
file segment Thus the local registers are only written by the local functional unit In the illustrative register file 
21 6, the special cell for local registers has only a single write port, reducing the number of word lines to four. 
The number of bit lines connected to the local registers is also reduced to four, allowing further compactness to 
the cell. 

20 - Referring to FIGURE 10, a simplified schematic timing diagram illustrates timing of the processor 

pipeline 1 100. The pipeline 1 100 includes nine stages including three initiating stages, a plurality of execution 
phases, and two terminating stages. The three initiating stages are optimized to include only those operations 
necessary for decoding instructions so that jump and call instructions, which are pervasive in the Java™ 
language, execute quickly. Optimization of the initiating stages advantageously facilitates branch prediction 

25 since branches, jumps, and calls execute quickly and do not introduce many bubbles. 

The first of the initiating stages is a fetch stage 1110 during which the processor 1 00 fetches instructions 
from the 16Kbyte two-way set-associative instruction cache 210. The fetched instructions are aligned in the 
instruction aligner 212 and forwarded to the instruction buffer 214 in an align stage 1 1 12, a second stage of the 
initiating stages. The aligning operation properly positions the instructions for storage in a particular segment of 
30 the four register file segments 310, 312, 314, and 316 and for execution in an associated functional unit of the 
three media functional units 220 and one general functional unit 222. In a third stage, a decoding stage 1114 of 
the initiating stages, the fetched and aligned VLI W instruction packet is decoded and the scoreboard (not shown) 
is read and updated in parallel. The four register file segments 310, 312, 314, and 316 each holds either floating- 
point data or integer data. The register files are read in the decoding (D) stage. 
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Following the decoding stage 1 11 4. the execution stages are performed. The two terminating stages 
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While the invention has been described whh reference w various embodiments. U will be understood 
thatmeseembodimemsaremusmti^ 

variations, modifications, additions and improvements of the embc^imen^ described are possible. For exa^le. 

.hose skilled in the ar, win readily implement the steps necessary to provide the structures and mtfhods d^losed 

Herein, and wmumlersmdth^ 

«„d can be varied to achieve tne desired str^ 

invenuon.Variationsandmodff^^ 

.e.formherem.wid.outdepartingfrom thescope and spirit ofd,emventio„ asset form m^foltewmgctatms. For 
exampfc. the described structure and operating method may be applied to a register fi.e and processor of any suuable 
size. The n^fOe may bemuchlarBerormuchsmal^than .he described 128 registers. The very long 
instruction word may include any suitable number of subinstructions. 
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lessors, unc spacing may be greater than 1pm. In other processors the spacing between lines is less than lum. 
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WE CLAIM 



1 1. A processor comprising: 

2 a plurality of functional units; and 

3 a register file characterized in that the register file is divided into a plurality of register file segments, 

4 ones of the plurality of register file segments being coupled to and associated with ones of the 

5 plurality of functional units, the register file segments being partitioned into global registers 

6 and local registers, the global registers that are accessible by the plurality of functional units, 

7 the local registers being accessible by the functional unit associated with the register file 
& segment containing the local registers. 



1 2. A processor comprising: 

2 a decoder for decoding a very long instruction word including a plurality of subinstructions, the 

3 subinstructions being allocated into positions of the instruction word; 

4 a register file coupled to the decoder and divided into a plurality of register file segments; and 

5 a plurality of functional units, ones of the plurality of functional units being coupled to an associated 

6 with respective ones of the register file segments, ones of the plurality of subinstructions being 

7 executable upon respective ones of the plurality of functional units, operating upon operands 

8 accessible to the register file segment associa t ed with the functional unit of the plurality of 

9 functional units, the register file segments including a plurality of registers that are partitioned 
.10 into global registers and local registers, the global registers temg accessible by the plurality of 

1 1 functional units, the local registers in one of the register file segments being accessible by the 

12 . functional unit associated with the register file segment 

1 3. A processor according to either Claim 1 or Claim 2 wherein: 

2 the processor is a Very Long Instruction Word (VLIW) processor. 

i 

1 4. A processor according to Claim 1 or Claim 2 wherein: 

2 the local registers and global registers are addressed using register addresses in an address space that is 

3 defined for a register file segment/ functional unit pair. 



1 

2 



5. A processor according to Claim 1 or Claim 2 wherein: 
the register file is a multi-ported register file. 
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6 A processor according to Claim I or Claim 2 wherein: 

the local registers in a register file segment are addressed using register addresses in a local register 
range outside the global register range that are assigned within a single register file segment/ 
functional unitf>air. 

7 A processor according lo Claim I or Claim 2 wherein: 

register addresses in the local register range are the same for the plurality of register file segment/ 

functionalunitpairsand address registers locally within a register file segment/ functional untt 



g A processor according to Claim I or Claim 2 wherein: 

the register file include, N physical register, and i, duplicated into M register file segments, the register 
file segments having a reduced number of read and/or write ports in comparison to a 
nonduplieated register file, but each having the same number of physical registers. 

9 a processor according to Claim g wherein: 

die register file segments are partitioned into N 0 global and N L local register files where N 0 plus N t is 
equal to N. the register file opemting equivalent to a register file havingN 0 + (M • total 
registers available for the M functional units, the number of address bits for addressing the N 0 
+ (M * NO total register, being equal to the number of bits B that are used to address N = 2 
reBisters. the local registers for ones of the M register file segments are addressed using the 
same B-bit values. 

j 10. A processor according to Claim 9 wherein: 

2 part iuonmgo^^ 

3 N L of local registers is selectable and variable. 

II. A processor according to Claim 1 or Claim 2 wherein the register file is a storage array structure 
having R read ports and W write ports comprising: 
a plurality of storage array storages; 

the storage array storages having a reduced number of read ports so that the total number of read ports 

for the plurality of storage array storages is R read ports; and 
the storage array storages having W write ports. 
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1 12. A processor according to Claim 1 1 wherein: 

2 the storage array structure is a sixteen port structure with twelve read ports and five write ports; and 

3 the plurality of storage array storages includes four storage array storages each having three read ports 

4 and five write ports. 

1 .- 13. A processor according to Claim 1 1 wherein: 

2 the storage array structure is a sixteen port structure with twelve read ports and four write pom; and 

3 the plurality of storage array storages includes four storage array storages each having three read ports 

4 and four write ports. 

1 14. A processor according to Claim 1 1 wherein: 

2 the writes are fully broadcast so that all of the storage array storages are held coherent. 

1 IS. A processor according to Claim 1 1 wherein: 

2 storage array storages include storage cells having a plurality of word lines and a plurality of bit lines, 

3 the word lines being formed in one metal interconnect layer, the bits lines being formed in a 

4 . second metal interconnect layer. 

1 16. A method of operating a processor comprising: 

2 operating a plurality of functional units; and 

3 dividing a register file into a plurality of register file segments; 

4 coupling and associating ones of the plurality of register file segments with ones of the plurality of 

5 functional units; . 
^ 6 partitioning the register file segments into global registers and local registers; 

7 accessing the global registers by the plurality of functional units; 

8 accessing the local registers by the functional unit associated with the register file segment containing 

9 the local registers. 

1 17. A method according to Claim 16 further comprising: 

2 addressing the local registers and global registers using register addresses in an address space that is 

3 defined for a register file segment/ functional unit pair. 
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1 8. A method according to Claim 1 6 farther comprising: 

addressing the local registers in a register file segment using register addresses in a local register range 
outside the global register range that are assigned within a single register file segment/ 
functional unit pain 

19. A method according to Claim 16 further comprising: 

addressing the local register range the same for the plurality of register file segment/ functional unit 
pairs and address registers locally within a register file segment/ functional unit pair. 

20. A method according to Claim 1 6 further comprising: 
including N physical registers in the register file; 

duplicating the physical registers into M register file segments, the register file segments having a 

reduced number of read and/or write ports in comparison to a nonduplicated register file, but 
each having the same number of physical registers. 

21. A method according to Claim 20 further comprising: 

partitioning the register file segments into N 0 global and N t local register files where N G phis N L is 
equal to N ; 

operating the register file equivalently to a register file having N c + (M • N J total registers available for 
the M functional units, the number of address bits for addressing the N 0 + (M • NJ total 
registers being equal to the number of bits B that are used to address N°2 B registers; and 

addressing the local registers for ones of the M register file segments using the same B-bit values. 

22. A method according to Claim 20 further comprising: 

programmably partitioning the register file so that the number N 0 of .global registers and number N t of 
local registers is selectable and variable. 
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